To circumvent current industry problems related to the settling of grouted connections, a steel-to-steel 
Introduction
It is current industry practice to use a grouted connection for fitting a transition piece onto an installed monopile foundation. In 2008, however, it was observed that the straight grouted connections at the offshore wind farm Egmond aan Zee (OWEZ) off the Dutch North Sea coast were settling. Subsequent surveys on other wind farms revealed that this was the case for grouted connections in most of the wind farms in the North Sea. The observed subsiding of the transition piece with respect to the pile has led to a review of the recommended design procedures for large diameter grouted connections. The review was performed in the framework of a joint industry project [1] and resulted in a revision of the Det Norske Veritas offshore standard for the design of wind turbine structures [2] . The revision now recommends that axial loads should be transferred in an alternative way, where one of the proposed solutions is that the pile should make a small angle with the vertical to prevent slippage. Complicating factors that were identified during the investigation include abrasive wear of the sliding contact surfaces between the steel and grout, as well as possible progressive grout crushing or cracking under reversed dynamic loading.
To circumvent these problems of the grouted connection a steel-to-steel connection, or slip joint, is proposed. A slip joint consists of two conical sections, one attached to the top of the foundation pile and the other to the bottom of the transition piece. The dimensions of the two sections are chosen so as to have one fit closely inside the other in the same way as two inverted cups. In figure 1 . An onshore wind turbine located at Scheveningen on the Dutch coast was designed and installed with a slip joint connection and has already been in operation since 1995 [3] . Surveys carried out on this onshore turbine in 2001 and 2010 revealed no signs of deterioration of the joint. If the connection can also be used in offshore wind farms, it would remove all the current problems related to the grout. Other advantages include a saving on risk and grout costs and a possible acceleration of the installation process. For offshore applications, however, the far larger scales and harsher environmental conditions necessitate further research.
In this contribution two different aspects of the development of such a joint for offshore applications are considered, namely a) a simplified dynamic analysis of its installation under its own weight and b) a determination of its static capacities (axial and bending) in the in-place situation by means of an FE model. 
Dynamic analysis of the installation
As an initial step towards dynamic modeling of the axisymmetric installation procedure, the two conical cylinders are represented as rigid beams as shown in figure  2 . The geometrical stiffness of the top cone in the radial direction is represented by linear springs, whilst the bottom cone is assumed fixed. The contact stiffness between the bodies in normal and tangential direction are represented by two linear springs. In figure 3 the 1-D model of the slipjoint with rigid beams and contact stiffnesses is shown.
The radial stiffness K rr is a function of the outer radius R Uc of the upper cone, the wall thickness t w , the elasticity modulus E and the Poisson ratio ν. Using linearized theory of elasticity for 2-D problems with cylindrical coordinates [4] , K rr can be derived as: Note that the conical shape of the cylinder will introduce a stiffness in radial direction that changes over the height of the cylinder. For the mass-spring representation used to define the equation of motions in the next section, an equivalent spring stiffness will be used, obtained by integrating the radial stiffness function over the height of the upper cone.
The contact stiffnesses K τ and K N in respectively tangential and normal direction can be derived with circular conical shell theory [8] . These stiffnesses represent the resistance of the conical shaped cylinder against a circumferential line load in either tangential or normal direction. The stiffnesses are dependent on the cone angle α, the radius of the top of the lower cone R LC , the wall thickness t w , the elasticity modulus, the Poisson ratio, the length of the cone and the boundary conditions at the ends of the conical section.
Slip-stick equations of motion
The upper cone can respond to the gravitational load in either one of 2 ways. It can either stick to a given position, represented by x τ in each slip-stick cycle, or it can start slipping/moving if the force in tangential direction is larger than the maximum friction force. Drawing on similar systems presented and discussed by Den Hartog [6] , Popp [7] and Hong et al [5] , a slip-stick system with a position and velocity dependent Coulomb friction force is introduced. In the following, the equations of The Coulomb friction force can be calculated as: This friction force shows that motion of the slipjoint will be piecewise and dependent on the tangential velocity.
The friction coefficient µ that is used in this model is discontinuous and is taken as:
For slip and stick different equations of motion(EOM) are set up. The EOM of the stick condition are presented in equations 4 to 6. The system is linearized for Figure 4 : Mass-spring-friction oscillator small angles, meaning that sin(θ) = θ , cos(θ) = 1 and the multiplication of θ with another displacements is ≪ 1 and become negligible. The EOMs of slip are equal to the stick except that the tangential spring force is replaced by the friction force.
The normal and tangential displacements UN and Uτ are given by equations 7 and 8 and can be obtained with geometric relations and assuming small θ:
To determine if slip or stick occurs, first the EOM of the stick situation are solved and the following condition is checked:
Settlement under own weight
The settlement under own weight is obtained using the dimensions of the monopile design of the Prinses Amelia wind farm, located 20km off the coast of Ijmuiden in the Netherlands. The design parameters of the monopile and of upper and lower part of the the slip joint are given in 
The desired overlap length, L overlap , is assumed similar as for grouted connections,i.e. 1.5DMP , where DMP is the diameter of the monopile. The distance that the upper cone must slip to attain full contact, designated L slip , is dependent on the difference of the cone angles and the length of the upper cone as shown in figure 5 .From figure 5 it can be seen that for a given set of initial cone angles, full contact can be ensured by a proper choice of diameter of the upper cone.
The slip distance L slip and radius of the upper cone RUc are calculated as:
The tangential displacement Uτ of the upper cone is plotted in figure 6 for the situation where the upper cone has no velocity or acceleration at the time of first contact. It can be seen that under the self weight only, very small slip distances are obtained and that this slip distance if is not satisfactory. Installation with an initial velocity The slipjoints onshore were installed by dropping them from approximately 10 cm high [3] . If this method is considered for the case given in table 1 this would lead to a velocity of about 1.4 m/s on time of contact. The slip development due to this initial velocity is shown in figure 7 . The figure shows that this 10cm drop will not lead to the desired overlap length for the considered geometry and stiffnesses. More research on the installation method and the sensitivity of the parameters on the settlement is therefore desired. To investigate the sensitivity of the settlement to different cone angles and friction coefficients, the five cases listed in table 3 are considered. Case 1 is equal to the case described in table 1 with no initial velocity. Cases two and three consider the situation where, respectively, angle β approaches angle α and the two cones are almost vertical. Cases four and and five consider the situation where the two cones are almost vertical in combination with lower dynamic friction coefficients. No initial velocity is taken into account for these five cases. In figure 8 the tangential displacement uτ of cases 1 to 3 are presented. Comparing the slip of case 1 with case 2, we can conclude that the increase of the angle β has two effects. First it causes the position of contact to be closer to the stiff lower boundary. Secondly, this position of contact leads to larger contact stiffnesses and shorter slip distances. For case 3,i.e.
smaller angles of α and β, the contact stiffness slightly increase compared to case 1 and the steeper slope enables a larger slip distance as can be seen in figure 8 . In figure 9 the results of cases 3 to 5 are presented. It can be seen that for lower friction coefficients the slip distance increases.
On the basis of these results it can be concluded that the tangential displacement caused by the self weight of the slipjoint is insufficient to come to a desired contact overlap for small angles, small angles differences and low friction coefficients. For a slipjoint, installation under self weight is therefore considered to be undesirable and insufficient. Future research in the installation of the slipjoint will therefore include harmonic loads for the installation.
FE modeling
In the second part of this contribution, the static capacities (axial and bending/shear) of the slipjoint is analyzed using the FE program ANSYS. To determine their relative importance, the effect on the results of the following parameters is analyzed:
• the cone angle
• the friction coefficient µ
• the size of the contact area (overlap)
• the diameter D Figure 9 : Tangential displacement under self weight for cases 3 to 5 of table 3
• the wall thickness t.
The FE analyses also serve to indicate other important quantities of interest, e.g. contact pressure distributions, settlement, etc. Based on the results, some initial design recommendations are made. Figure 10 shows the two parts of a representative slipjoint as these were modelled in ANSYS. The walls of the monopile and transition piece were modelled using 8-node, 2 nd -order SHELL281 elements having 6 degrees of freedom (DOF) at each node. The figure also shows the applied boundary conditions (clamped at the base). The Young's modulus and Poisson's ratio of steel is taken as 207 GPa and 0.3, respectively.
Model description
To apply loads to the top of this assembly, a master node was defined at the top and centre of the transition piece and connected to its walls using rigid beams. These beams were modelled using the multipoint constraint element MPC184, and are also indicated in figure 10 b.
To model the contact between the monopile and the transition piece a surface-to-surface contact model was set up by overlaying the conical parts of the assembly with 8-node contact elements (CONTA174). Since the contact can be assumed to be symmetric, i.e. neither of the surfaces can clearly be designated a target surface, target elements TARGE170 were also overlayed on both conical parts, and ANSYS was asked to internally select a contact-target designation at the solution stage (KEYOPT(8 = 2)). To exclude possible inaccuracies in the contact stresses due to the use of faceted surfaces in stead of the true curved geometry, a cylindrical geometry cor- rection was applied to both contact surfaces before solving. A basic Coulomb model, with zero cohesion sliding resistance, was used to model the friction. Given the large influence of the initial contact status on convergence, initial contact gaps were closed (KEYOPT(5)=1).
Results
The response of the slipjoint to the following two static load cases was analyzed:
Load case 1 (LC1): Axial load of 2MN.
Load case 2 (LC2): Bending moment of 60MNm and shear force of 1MN.
All forces are applied to the master node as described above in section 3.1. Table 4 shows some of the results obtained for slipjoints having different geometrical and frictional properties, with s, σ max vm and pmax referring to the settlement (LC1), maximum Von Mises stress (LC2), and maximum contact pressure (LC2), respectively. The latter two quantities are not reported for LC1, their being significantly less than those obtained for LC2. A representative contour plot of the Von Mises stresses for LC1 is shown in figure 11 and 12. The values of the stresses reported in the figure were obtained using property set 5 in table 4.
The slipjoint's response to a static bending moment and shear force (LC2) is considered next. Typical displacement contours and deformations (scaled) for this load case are shown in figure 13(a). each of these 3 cases are plotted in figure 14(a) . In the first case, the maximum stress occurs at the top of the monopile.
This situation is encountered in almost all cases when the value of the friction coefficient is low (µ = 0.2) as well as for overlaps of 1.2D (independent of the friction coefficient).
The second type of stress pattern, figure 14(b), corresponds to situations where the maximum stress occurs in the top part of the joint at the transition from a conical to a cylindrical section. This failure mode occurs when the value of the friction coefficient is high (µ = 0.8), except in the case of small cone angles (1 • ) and overlaps (1.2D).
Finally, figure 14(c) represents a situation in which the maximum stress is found at the bottom of the modelled part of the monopile, close to the support, indicating a succesfull transferral of the loads from the transition piece to the monopile. For the slipjoints listed in table 4, this situation is only encountered for cone angles of 1
• with large overlaps (1.8D) and friction coefficients µ ≥ 0.4, or with smaller overlaps (1.5D) but even more friction µ ≥ 0.8. 
Conclusions and outlook
Two different aspects of the development of a slip joint for offshore applications were considered, namely a) a simplified dynamic analysis of its installation under own weight and b) a determination of its static capacities (axial and bending) in the in-place situation by means of a FE model. From the dynamic installation analysis it is concluded that even for small initial cone angles, small angle differences between the top and bottom cone, and low friction coefficients, the tangential displacement caused by the self weight is insufficient to come to a desired contact overlap. Future research will therefore focus on the use of applied harmonic forces as well as the influence of additional weight on the installation. Secondly, during the contact analyses with the FE model, small cone angles and large overlaps were identified as most conducive to a succesfull transferral of the loads from the transition piece to the monopile. Given the uncertainty on the friction coefficient, it is then also recommended to use a cone angle of 1
• and preferably an overlap > 1.5D. For final design recommendations, however, a complementary dynamic assesment is necessary.
